Year-round eddy covariance flux measurements were made in a semiarid grassland in Mongolia during 2009 -2014 to examine the interannual variability in net ecosystem CO 2 exchange NEE and its climatic controls. Annual cumulative NEE ranged from 20.9 to 8.1 g C m 2 yr 1 , indicating that the semiarid grassland ecosystem can be a carbon source or a carbon sink, depending on climatic conditions. A correlation analysis showed that interannual variability in NEE was significantly related to precipitation and soil water content at 10 cm depth SWC 10 in June and to the vapor pressure deficit VPD in July. In addition, the variation in gross primary production GPP in July contributed most to the interannual variation in NEE; and GPP in July was significantly related to June precipitation, June SWC 10 , and July VPD. From these results, we concluded that precipitation during the early growing season and air dryness during the middle growing season were essential climatic factors regulating the interannual variation in NEE in this semiarid grassland.
Introduction
Changes in carbon fl uxes and storage in grassland ecosystems are affected by climatic conditions and also play an important role in the global carbon balance. In the context of global climate change, greater variability of precipitation and higher drought frequency in middle and high latitudes are expected IPCC, 2013 . These changes in precipitation regimes can infl uence ecosystem carbon exchange, especially in water-limited grasslands. Poulter et al. 2014 reported, for example, that a large land carbon sink recorded in 2011 was driven by the growth of semiarid vegetation caused by increased precipitation.
The Mongolian steppe accounts for a major part of the middle-latitude grasslands of East Asia. The regional steppe climate is typically continental and semiarid, with low precipitation which is also characterized by large interannual variability and large diurnal and annual temperature fluctuations. In addition, the steppe region often suffers from drought. Nandintsetseg and Shinoda 2013 showed that the frequency and severity of drought on the Mongolian steppe increased slightly over the 46 years from 1965 to 2010, and that conditions were particularly dry during the last decade of that period. They also suggested that pasture productivity was particularly sensitive to drought occurring during June -August.
A number of recent studies have used the eddy covariance EC technique to measure carbon fluxes in the semiarid grasslands of northern China e.g., Hao et al., 2010; Du et al., 2012; Shao et al., 2013; Yang and Zhou, 2013 . Measurements made over a few years have demonstrated that the amount and timing of precipitation, and subsequent changes in soil water content, strongly affect carbon exchange processes in these grasslands. However, despite the large area occupied by Mongolian grasslands in East Asia, climate-carbon cycle interactions there are poorly understood. Li et al. 2005 measured carbon exchange in the Mongolian steppe by the EC technique continuously for a year, and Nakano et al. 2008 and Nakano and Shinoda 2014 used a closed chamber technique to examine environmental controls on temporal and spatial variations in photosynthetic production and ecosystem respiration in the semiarid grasslands of Mongolia. However, ecosystem carbon exchange in the Mongolian grasslands has not yet been monitored continuously over a period of years; therefore, information on interannual variations in CO 2 exchange and its dependence on climate is still insuffi cient.
In this study, we used the EC technique to measure net ecosystem CO 2 exchange NEE in a semiarid grassland in Mongolia from 2009 to 2014. Our objectives were to examine the interannual variability in NEE and to evaluate the major climatic factors affecting the interannual variation in CO 2 exchange in this semiarid grassland ecosystem.
Methods

Study site and meteorological measurements
The study site is in Bayan Unjuul county, central Mongolia 47°02.6′N, 105°57.1′E, 1200 m above sea level . The site is characterized by a continental semiarid climate and is covered by typical steppe vegetation, which is grazed by livestock. According to the Information and Research Institute of Meteorology, Hydrology, and Environment of Mongolia, the mean annual air temperature at the site from 1995 to 2014 was 0.1 C, and the mean annual precipitation was 163.0 mm. Most precipitation occurs between May and August. The plant community is dominated by perennial grasses Agropyron cristatum, Cleistogenes squarrosa, Stipa krylovii , forbs Artemisia adamsii, Chenopodium spp. , and small shrubs Caragana spp. . The soil is a typical Kastanozem chestnut soil , a soil type distributed widely on the Mongolian steppe, with a sandy texture 93 sand, 3 silt, and 4 clay .
During the study period 2009-2014 , air temperature T a and relative humidity RH were measured at a height of 1.5 m with a shielded sensor model HMP45A, Vaisala, Helsinki, Finland , and then the vapor pressure defi cit VPD was calculated from T a and RH. Precipitation was collected in a tipping-bucket rain gauge model 52203, Young Co., Traverse City, MI, USA . Photosynthetically active radiation PAR was measured with a quantum sensor LI-190SB, Li-Cor Inc., Lincoln, NE, USA . The soil temperature profile was measured at 5 cm intervals from the surface to a depth of 95 cm with a temperature profi le sensor CHF-GP1, Climatec, Tokyo, Japan , but in this study, we used the soil temperature measured at 5 cm depth as T s . The soil volumetric water content at depths of 5 SWC 5 , 10 SWC 10 , and 30 cm SWC 30 were measured with time-domain refl ectometry probes TRIME-EZ, IMKO Micromodultechnik GmbH, Ettlingen, Germany . All data were collected every 1 s by dataloggers CR10X and CR23X, Campbell Scientifi c Inc., Logan, UT, USA , and 30 min mean values were stored.
Eddy covariance fl uxes
An observation tower with a height of 3.0 m was installed in a fl at area of the study site in September 2008 for EC measurements of the CO 2 flux with a sonic anemometer CSAT3, Campbell Scientifi c Inc. and an open-path infrared gas analyzer CS-7500, Campbell Scientifi c Inc. . The data were recorded at 10 Hz by a datalogger CR1000, Campbell Scientifi c Inc. , and the half-hourly flux was calculated. Flux processing included the necessary corrections for high-frequency damping losses Massman, 2000 and density fluctuations following Webb et al. 1980 . NEE was calculated as the sum of the corrected CO 2 fl ux and the rate of change in CO 2 storage below the height of the eddy covariance measurement system which was determined from CO 2 concentration at a height of 3.0 m Kitamura, 2011 . In this study, negative NEE values indicate that the site is a sink of atmospheric CO 2 , and positive values indicate that is a source.
We excluded half-hourly fl uxes obtained when the friction velocity u* was < 0.1 m s 1 , when rain was falling, and during periods of instrument malfunction from further analysis. We also excluded half-hourly fl uxes if the absolute value, variance, skewness, or kurtosis of the sensor output was excessive. Negative NEE, possibly due to surface heating of the infrared gas analyzer Burba et al., 2008 , were frequently observed during the non-growing season in the present study. We tried to apply the Burba correction to the non-growing season data but found that the correction led to a shift toward an unreasonable CO 2 release. Because previous studies have reported a similar systematic bias Bowling et al., 2010; Ueyama et al., 2014 , we decided to exclude all negative CO 2 fl uxes which were 28 of the data obtained during the non-growing season from our analysis instead of using corrected data. The data during a period from 28 March to 24 June 2010 were not obtained owing to electrical malfunction. Except for this period, the data acquisition rate was 63 for growing season and 41 for non-growing season.
Data gaps were fi lled by using the grassland photosynthesis and respiration model Nakano and Shinoda, 2015 . In this model, gross primary production GPP , ecosystem respiration R eco , and their difference NEE are computed from the observed values of PAR, T a , T s , VPD, and SWC 5 and from aboveground biomass values estimated from remotely sensed vegetation index values. Nakano and Shinoda 2015 validated the model's performance by showing that the model successfully reproduced the magnitude and seasonal variation of NEE. To partition the observed NEE in the daytime into GPP and R eco , daytime R eco was estimated by using the model and GPP was calculated as the difference between the estimated R eco and the measured NEE.
Results and Discussion
Meteorological conditions
From 2009 to 2014, annual average T a was highest in 2014 and lowest in 2012, although average T a during the growing season May September was highest in 2010 and lowest in 2011 Fig. 1 , Table  1 . Average VPD during the growing season was signifi cantly related to T a r = 0.89, P = 0.017 and was highest in 2010 and lowest in 2011. Annual precipitation ranged from 134 to 245 mm during the 6 year study period; in 2010 and 2013, it was lower than the average precipitation during the 20 years from 1995 to 2014 163.0 mm , but the other 4 years were relatively wet. Approximately 80 of the annual precipitation fell during the growing season each year. During the growing season, average PAR was negatively correlated with precipitation r = 0.95, P = 0.004 .
Interannual variability in NEE
Annual cumulative NEE between 2009 and 2014 ranged from 20.9 to 8.1 g C m 2 yr 1 Fig. 2 , Table 1 , indicating that this semiarid grassland ecosystem can be a carbon source or sink, Fig. 1 . Monthly averaged air temperature, soil temperature, and vapor pressure deficit VPD a , monthly cumulative precipitation and average photosynthetic active radiation PAR b , and soil water content at depths of 5, 10, and 30 cm c from 2009 to 2014.
depending on the climatic conditions. Similar variations in annual NEE have been observed in steppe ecosystems in Inner Mongolia, China: 23 to 26 g C m 2 yr 1 Yang and Zhou, 2013 and 6 to 70 g C m 2 yr 1 Shao et al., 2013 . In contrast, larger NEE variability has been reported for other grassland ecosystems: 88 to 189 g C m 2 yr 1 in an open grassland in California, USA Ma et al., 2007 , from 98 to 21 g C m 2 yr 1 in a semidesert grassland in Arizona, USA Scott et al., 2010 , and from 190 to 49 g C m 2 yr 1 in a Mediterranean grassland in Portugal Jongen et al., 2011 .
Climatic controls on NEE
To understand the climatic controls on the interannual variation in NEE, we firstly examined relationships among NEE, GPP, and R eco , since NEE is determined by the balance between GPP and R eco . Interannual variations in annual cumulative NEE, GPP, and R eco were strongly correlated with one another NEE vs. GPP, r = 0.96, P = 0.003; NEE vs. R eco , r = 0.93, P = 0.007; and GPP vs. R eco , r = 0.97, P < 0.001 . The high correlation coeffi cient between GPP and R eco probably indicates the strong dependency of R eco on GPP, because previous studies found that variations in ecosystem and soil respiration are mainly controlled by plant photosynthesis in grassland ecosystems Aires et al., 2008; Xu and Wan, 2008; Bahn et al., 2009 . The negative correlation coeffi cients between NEE and the other two fluxes indicate that net carbon uptake increased as both GPP and R eco increased. Annual NEE and monthly CO 2 fl uxes were highly correlated only in July NEE, r = 0.89, P = 0.017; GPP, r = 0.93, P = 0.007; and R eco , r = 0.87, P = 0.023 , suggesting that CO 2 fl ux variations in July contributed greatly to the interannual variation of annual CO 2 budgets in this semiarid grassland.
We next explored all possible correlations between the annual CO 2 fl uxes and environmental parameters averaged or cumulated over different time periods annual, growing season, and monthly ; the signifi cant correlations are listed in Table 2 . We found no signifi cant relationship between annual NEE, GPP, and R eco with annual average or cumulative values of the meteorological and soil parameters. Annual NEE was also not signifi cantly related to any of the parameters averaged or cumulated over the growing season, although a number of studies have reported signifi cant relationships between interannual variation in NEE and annual or growing season precipitation Nagy et al., 2007; Hao et al., 2010; Scott et al., 2010; Dong et al., 2011; Jongen et al., 2011; Du et al., 2012; Yang and Zhou, 2013 . The reason for this difference between our result and previous fi ndings is probably the large positive NEE in 2009, when annual precipitation was also relatively large. When we excluded the 2009 data, we found a signifi cant correlation between interannual variation in NEE and annual precipitation r = 0.87, P = 0.050 .
Annual GPP was negatively correlated with T a and VPD, and annual R eco was negatively correlated with T s , when the environmental parameters were averaged over the growing season Table 2 . The negative relationship between annual GPP and growing season VPD is consistent with previous findings that higher VPD can cause stomatal closure, resulting in lower GPP Barron-Gafford et al., 2007; Nakano et al., 2008; Niu et al., 2008; Wagle et al., 2015 . Although it is generally known that variations in R eco are positively related to soil temperature, in our results the interannual variation in R eco was negatively correlated with growing season T s . We found that T a , T s , and VPD were all positively related to one another, therefore the negative relationship between R eco and T s may indirectly refl ect the response of R eco to GPP, which was negatively related to VPD.
Annual NEE was negatively correlated with monthly precipitation and SWC 10 in June and positively correlated with monthly Table 2 . Annual GPP and R eco showed strong positive relationships with monthly precipitation and SWC 10 in June, and annual GPP was also negatively correlated with monthly VPD in both June and July Table 2 . Although we also examined relationships between annual CO 2 fl uxes and soil water content at depths of 5 cm and 30 cm, we found no signifi cant relationships between any of the annual fl uxes and either SWC 5 and SWC 30 . Because the root zone depths of perennial grasses and forbs are around 10 cm in our study area, our result suggests that the plant activity was strongly linked to root zone water content. The meteorological and soil parameters averaged or cumulated over other months were not related to annual NEE, GPP, or R eco . To refi ne our understanding, we next analyzed correlations of monthly cumulative GPP and R eco in June and July with monthly averaged SWC 10 or VPD in June and July Table 3 . The correlation coeffi cient between June SWC 10 and July GPP r = 0.79, P = 0.062 was higher than those for same month pairings i.e., June-June or July-July . In contrast, the absolute values of the correlation coeffi cients of June-June and July-July pairings of VPD and GPP were higher than June-July pairing. These results suggest a lag in the infl uence of soil moisture on GPP, but not in that of atmospheric dryness on GPP. Further, correlation coeffi cients between R eco and SWC 10 were not signifi cant for any month parings.
From these correlation results, we inferred the mechanism of the interannual variation in NEE in this semiarid grassland ecosystem. The soil water content in the root zone depends on precipitation in June and regulates GPP in July; moreover, atmospheric dryness in July, which is related to the July air temperature, also infl uences GPP in July. Variation in R eco may be mainly controlled by GPP. Finally, interannual variation in annual NEE depends on the balance between July GPP and July R eco . As mentioned above, annual NEE was positive despite relatively high precipitation in 2009 in our study site. Comparing 2009 with 2012 when annual precipitation was similar to 2009, precipitation and SWC 10 in June were lower in 2009 29.3 mm and 7.2 than in 2012 51.4 mm and 8.7 , and T a and VPD in July were higher in 2009 19.9 C and 1.38 kPa than in 2012 18.5 C and 0.90 kPa . It is consequently suggested that lower precipitation and soil moisture in June and drier air in July would depress July GPP in 2009 and caused annual net carbon loss in that year.
Some studies have examined how the seasonal distribution of precipitation, particularly spring rainfall, affects carbon fluxes in grassland ecosystems. For example, Dong et al. 2011 found that spring drought adversely affected a meadow steppe ecosystem in northern China by reducing leaf area, biomass, and GPP, and Du et al. 2012 reported that the timing of the fi rst effective rainfall during the growing season was an important determiner of the onset of carbon uptake in that year. Our result shows that, in addition to precipitation and soil water content, VPD is an important factor controlling interannual variation in GPP and NEE. Further, Wagle et al. 2015 investigated the spatial and temporal variability in carbon fl uxes in a multi-year dataset from 12 grassland sites across the United States and found that high temperature and high VPD caused reductions in both GPP and NEE. Our results are consistent with these previous fi ndings.
Conclusions
Net ecosystem CO 2 exchange was measured by the eddy covariance technique during 2009 -2014 in a semiarid grassland of Mongolia. Annual cumulative NEE ranged from 20.9 to 8.1 g C m 2 yr 1 , indicating that this semiarid grassland ecosystem can be a carbon source or a carbon sink, depending on climatic conditions. Interestingly, the grassland was a carbon source in 2009 even though total precipitation in that year was relatively high. Because of this outlier year, we found no significant correlation between interannual variation in NEE and annual or growing season precipitation during our study period, in contrast to reported results for other water-limited grassland ecosystems in the world. However, our results indicated that precipitation and soil water content in June and the vapor pressure defi cit in July signifi cantly infl uenced gross photosynthetic production in July and regulated annual NEE. Therefore, we attribute the greater net carbon loss in 2009 to lower precipitation and soil moisture in June and drier air in July in that year. We conclude that precipitation during the early growing season and air dryness during the middle growing season are the essential climatic factors controlling the annual status of this semiarid Possible parameters for GPP: PAR, PPT, SWC 5 , SWC 10 , SWC 30 , T a , and VPD. Possible parameters for R eco : PPT, SWC 5 , SWC 10 , SWC 30 , and T s . PAR, photosynthetic active radiation; PPT, amount of precipitation; SWC 5 , SWC 10 , SWC 30 , soil volumetric water content at 5-, 10-, and 30cm depths; T a , air temperature; T s , soil temperature at 5-cm depth; VPD, vapor pressure defi cit. 
